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In the course of developing strategies to obtain a mutation in the aspartate semialdehyde dehydrogenase (asd)
gene of Mycobacterium smegmatis, an efficient transposon trap was constructed which may be generally useful
for the identification of transposable elements in mycobacteria. A DNA fragment containing the asd gene was
replaced with an aminoglycoside phosphotransferase gene (aph) to generate a Aasd::aph allele. Attempts to
replace thie wild-type asd gene with the Aasd::aph allele were unsuccessful, suggesting that this deletion was
lethal to the growth of M. smegmatis. The plasmid, pYUB215, which contains I-galactosidase expressed from
a mycobacteriophage promoter and Aasd::aph, was integrated into the chromosome of M. smegmatis by a
homologous, single-crossover, recombination event. Visual screening for inactivation of the f-galactosidase
gene in the resulting strain allowed the isolation of a novel mycobacterial insertion element from M. smegmatis.
This insertion element, which is unique to M. smegmatis, was designated IS1096 and transposes at a frequency
of 7.2 x i1-5 per cell in an apparently random fashion. IS1096 is 2,275 bp in length and contains two open
reading frames which are predicted to encode proteins involved in transposition. This insertion element exhibits
several characteristics that suggest it may be a useful tool for genetic analysis of mycobacteria, possibly
including the study of mechanisms of pathogenesis.
Significant progress has been made in recent years toward
understanding of the biology of mycobacteria with the de-
velopment of genetic systems that permit the efficient intro-
duction of recombinant DNA into mycobacterial cells (18,
35). There now exist a wide range of shuttle phasmid (18),
shuttle plasmid (30, 35), and integration-proficient (21) vec-
tors that can be used to transfer recombinant DNA between
Escherichia coli and both fast- and slow-growing species of
mycobacteria. Efficient transformation mutants of the fast-
growing Mycobacterium smegmatis have been isolated (36)
that provide a useful host for analyzing genes and gene
libraries from slow-growing mycobacteria such as M. leprae
(40), M. tuberculosis (19), and M. avium (3). Moreover,
these systems have been used to develop vectors that permit
the expression of genes encoding foreign antigens in M.
bovis bacillus Calmette-Guerin (BCG), which can be used as
a live recombinant vaccine vehicle for inducing multiple
immune responses to foreign antigens (1, 38).
The generation of insertional mutations has provided a
powerful approach for the study of bacterial genetics (44)
and pathogenesis (5, 10, 16, 39). Gene replacement has been
demonstrated recently for M. smegmatis (15). In addition,
our laboratory has reported the successful isolation of auxo-
trophic mutants in M. smegmatis by using random shuttle
mutagenesis (19). When this approach was extended to BCG
or M. tuberculosis, a surprising result was obtained. The
slow-growing mycobacteria randomly incorporated linear
DNA into their chromosomes by illegitimate recombination
to generate insertional mutations. Numerous repetitive DNA
elements have been found for the mycobacteria, including
M. paratuberculosis (25), M. tuberculosis (9, 24, 28, 41), and
M. leprae (13). Sequence analysis has revealed that both the
* Corresponding author.
t Present address: Department of Veterinary Sciences, Univer-
sity of Nebraska, Lincoln, NE 68583-0905.
M. paratuberculosis (12) and M. tuberculosis (24, 42) repet-
itive elements share homologies with other known insertion
elements, but transposition in mycobacteria has only re-
cently been demonstrated with an M. fortuitum transposon
(22).
In this work, we describe the construction of a strain of M.
smegmatis containing a ,-galactosidase reporter gene that
facilitates the isolation of mutations generated by insertions
of mobile genetic elements. This strain has been used to
identify and characterize a novel insertion element of M.
smegmatis. This element, designated IS1096, has been se-
quenced and shows promise as a useful tool for the genetic
analysis of mycobacteria.
(The data presented are part of a thesis to be submitted by
J.D.C. in partial fulfillment of the requirements for a Ph.D.
from the Albert Einstein College of Medicine, Yeshiva
University, New York.)
MATERIALS AND METHODS
Bacterial strains and media. Bacterial strains used in these
experiments are described in Table 1. It was found that the
ATCC 607 culture contained three unique morphotypes
when plated on R5 regeneration media (14). The predomi-
nant morphotype, which had an orange-rough colonial mor-
phology, was cloned as a single cell and designated mc26.
Two minor morphotypes were cloned in the same manner,
the orange-smooth designated mc223 and the white-rough
designated mc222. E. coli strains were grown in Luria broth
(LB) or on LB agar. Mycobacterial strains were grown in
M-ADC-TW broth (17) and plated on Middlebrook 7H9 agar
containing 0.01% cycloheximide (M-ADC). Kanamycin and
5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside (X-Gal)
were added at 10 and 80 ,ug/ml, respectively, when needed in
either broth or plates containing M-ADC-KX agar. Higher
concentrations of X-Gal than the standard, 40 ,ug/ml, were
used to allow easier differentiation between blue and white
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ISOLATION AND CHARACTERIZATION OF IS1096 7773
TABLE 1. Bacterial strains
Strain Description Source
E. coli DH5a F- 480dlacZAM15 endAl recAl hsdRl7 glnV thi-1 X- gyrA96 relAl A(lacZ Bethesda Research
YA-argF)U169 Laboratories
M. smegmatis
mc21 ATCC 607 M. smegmatis W. Jones, CDCa
mc26 Orange-rough variant of mc21. 17
mc2155 Efficient plasmid transformation (Ept) mutant of mc26 35
mc222 White-rough variant of mc21 This work
mc223 Orange-smooth variant of mc21 This work
mc231 ATCC 27204 M. smegmatis SN2 W. Jones, CDC
mc232 ATCC 27199 M. smegmatis Li W. Jones, CDC
mc2687 Integration of pYUB215 into mc26 by homologous recombination at asd This work
a CDC, Centers for Disease Control.
colonies. Casamino Acids and diaminopimelate (DAP; a
mixture of DD, LL, and meso isomers of DAP) were added at
40 and 100 ,ug/ml, respectively, when necessary.
DNA manipulations. All enzyme reactions were carried
out under the conditions recommended by the manufactur-
ers (Promega, New England Biolabs, Boehringer Mannheim,
and Bethesda Research Laboratories). Isolation of plasmid
DNA and physical manipulations of this DNA were carried
out for E. coli as described previously (33). Isolation of
mycobacterial total chromosomal DNA was carried out by
the beadbeater method (17). Transformations of plasmids
into E. coli and M. smegmatis were carried out by electro-
poration (8, 17).
Construction of pYUB215. The cloning of the M. smegma-
tis aspartate semialdehyde dehydrogenase (asd) gene which
was used in the construction of pYUB215 will be described
elsewhere (7). The asd gene is carried on a 5-kb EcoRI
fragment which has two PstI sites in the middle of the gene
and two PstI sites flanking the gene. The asd gene was
cloned into the EcoRI site of pBluescript II KS+ (Strata-
gene, La Jolla, Calif.), and the resulting plasmid was desig-
nated pYUB114. The plasmid pYUB114 was digested with
PstI and gel purified. The gel-purified DNA fragment was
then ligated to a 1.4-kb PstI cassette which contains the
Tn903 aminoglycoside phosphotransferase (aph) gene (Phar-
macia). Transformants with this ligation were screened for
replacement of the central 1.6-kb PstI fragment that contains
the asd gene. The resulting plasmid, designated pYUB205,
has a deletion of the asd gene replaced by aph (Aasd::aph).
The plasmid pYUB205 was cut with EcoRI, and the large
fragment was isolated from an agarose gel. This fragment
was then ligated to pYUB174 which had been cut with EcoRI
and treated with calf intestinal phosphatase (Boehringer
Mannheim, Indianapolis, hid.). The plasmid pYUB174
which contains the 3-galactosidase gene was constructed by
placing the previously isolated mycobacteriophage Li pro-
moter (2) upstream of a truncated P-galactosidase gene to
allow expression of ,3-galactosidase in mycobacteria. The
resulting plasmid, pYUB215, contains Aasd::aph and 3-ga-
lactosidase driven from the Li promoter.
Southern blot analyses. Digests of total chromosomal DNA
were electrophoresed on 0.8% agarose gels and transferred
as previously described (37) to Biotrans nylon membranes
(ICN, Irvine, Calif.). Hybridizations were carried out at
65°C overnight. The blots were first washed at room temper-
ature twice for 30 min in 2 x SSPE (1 x SSPE is 0.18 M NaCl,
10 mM NaPO4, and 1 mM EDTA [pH 7.7]) and 0.2% sodium
dodecyl sulfate (SDS) and then for 1 h at 65°C in 0.2x SSPE
and 0.5% SDS. After washing, the blots were exposed to film
overnight (XAR 5; Eastman Kodak Co., Rochester, N.Y.).
DNA probes were prepared by using the nick translation
system from Bethesda Research Laboratories.
Construction of mc2687. To integrate pYUB215 into the
chromosome of M. smegmatis, the plasmid was transformed
by electroporation into mc26. This transformation was then
plated on M-ADC plates containing kanamycin and X-Gal
(M-ADC-KX). Blue colonies were picked and screened by
Southern analysis to establish integration of pYUB215. One
of these recombinants was designated mc2687.
Isolation of jI-galactosidase mutants of mc2687. Ten indi-
vidual colonies were picked from an mc2687 plate and grown
in 5 ml of M-ADC-TW broth with kanamycin until satura-
tion. Dilutions of these 10 independent cultures were plated
on M-ADC-KX plates such that approximately 1,000 colo-
nies per plate were obtained. The number of white colonies
divided by the total number of colonies present represents
the frequency of isolation of mutations in the P-galactosidase
gene of mc2687.
Isolation of IS1096 and sequence analyses. This system
facilitates isolation of the insertion element once it is ob-
served. The insertion element which is inserted in the
f-galactosidase gene of the integrated plasmid, pYUB215, is
recovered by cutting total chromosomal DNA with EcoRI to
completion. Digestion with EcoRI will free the original
pYUB174 plasmid that Aasd::aph was cloned into which
contains a copy of the insertion element. To isolate IS1096,
EcoRI-digested DNA was self ligated at a DNA concentra-
tion of less than 5 ng/pl,, transformed into E. coli DHSoa, and
selected by ampicillin resistance.
A single clone containing IS1096 was isolated in this
manner and designated pYUB209. The IS1096 insertion in
pYUB209 was localized by restriction analysis within the
,-galactosidase gene, between two HpaI sites. To facilitate
sequencing of the insertion element, the HpaI fragment was
cloned in both orientations into the SmaI site of pGEM7Zf+
(Promega). Several deletions were constructed in pYUB209
by using the opportune sites BstXI and BamHI within IS1096
and the polylinker of pGEM7Zf+. These deletions allowed
sequencing in both directions from these sites into IS1096.
IS1096 and the junction between IS1096 and pYUB209 were
sequenced completely on both strands by using synthetic
oligonucleotides in addition to these deletions. Sequencing
reactions were carried out by using Sequenase Version 2.0
(U.S. Biochemical Corp.) on double-stranded DNA tem-
plates (20).
Nucleotide sequence accession number. The GenBank ac-
cession number for the nucleotide sequence of insertion
element IS1096 is M76495.
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FIG. 1. Construction of a genetic screen for homologous recombination in M. smegmatis. The plasmid pYUB215 contains a truncated lacZ
gene from E. coli which is driven from a mycobacteriophage Li promoter, an E. coli origin which does not function in mycobacteria, the E.
coli ampicillin resistance gene which is not useful in mycobacteria, and the Aasd::aph region which consists of a 5-kb fragment of the M.
smegmatis chromosome where the central 1.6-kb PstI DNA fragment that contains the asd gene has been replaced by the aph gene from
Tn903. Homologous recombination may occur between the asd flanking regions on pYUB215 and the homologous regions on the M.
smegmatis chromosome. The recombination event shown here is the same as that observed in mc2687.
RESULTS
Construction of a chromosomal transposon trap for M.
smegmatis. The construction that served as an efficient
transposon trap was designed initially to allow isolation of a
mutant of M. smegmatis containing a deletion-insertion
mutation of the asd gene. We cloned the M. smegmatis asd
gene by complementing an asd mutant of E. coli and
determined the nucleic acid sequence (7). By using this gene,
a plasmid, pYUB215, was constructed containing the follow-
ing: (i) the aph gene cloned between two PstI sites within the
asd region that created a 1.6-kb deletion (Aasd::aph), (ii)
approximately 2 kb ofM. smegmatis DNA flanking each side
of the asd gene, (iii) the E. coli ,B-galactosidase gene fused to
a mycobacteriophage promoter, and (iv) the ColEl origin of
replication and ,-lactamase gene from pBR322 (6). This
plasmid should provide an ideal system for allelic exchange
in mycobacteria since it cannot replicate autonomously in
mycobacteria, has a positive selection for the desired muta-
tion (aph), and allows for differentiation between single-
crossover recombination events and allelic exchange by
using the P-galactosidase gene.
When the plasmid pYUB215 was initially transformed into
mc26, blue and kanamycin-resistant colonies were obtained
at a frequency of 10i5 to 106 per transformant obtained
from 1 ,ug of the control plasmid pMV262 (38) on
M-ADC-KX agar containing DAP and Casamino Acids. No
significant numbers of white colonies were obtained above a
background of 1 to 5 colonies, attributed to spontaneous
kanamycin-resistant mutants. The blue colonies obtained
were thought to be generated by a single-crossover recom-
bination event in which pYUB215 recombined into the
homologous DNA sequences located on either side of the
aph gene (Fig. 1). Southern analysis of eight independent
transformants confirmed that pYUB215 had integrated on
either side of the aph gene, and one such transformant,
mc2687, was used for further analysis (Fig. 2). These results
may indicate that the asd gene is essential in mycobacteria,
since allelic exchange experiments in mycobacteria have
previously been successful (15), or that double-crossover
events occur at an extremely low frequency in the asd region
of M. smegmatis. The necessity of having simultaneous
double-crossover events can be obviated by constructing the
chromosomal Aasd::aph mutant in a two-step process. The
strain mc2687 has already undergone a single-crossover
event to integrate pYUB215; thus, a second recombination
event between the two alleles in the chromosome may
produce the desired mutant. We reasoned that it should be
possible to screen for intrachromosomal recombination by
the loss of ,-galactosidase when the plasmid sequences are
looped out during this event. The strain mc2687 was grown in
M-ADC-TW with kanamycin, and aliquots were plated on
M-ADC agar, with the addition of kanamycin and X-Gal, and
screened for the production of white colonies.
Identification of insertion elements by loss of ,B-galactosidase
activity. White mutants of mc2687, having lost P-galactosi-
dase activity, were obtained at a frequency of 8 x iO-5 per
cell. BamHI digests ofchromosomal DNA from these clones
were compared with mc2687 by Southern analysis (Fig. 2).
The banding patterns of each of the eight clones shown may
be explained by insertion of an approximately 2-kb fragment
into the 3-galactosidase region. The inserted fragment con-
tains a BamHI site, and thus all clones show a shift of the
largest band, containing 3-galactosidase, and an additional
smaller band which ranges in size from approximately 2 to 5
kb. The fragment containing the I-galactosidase gene was
isolated by cutting total genomic DNA with EcoRI and
cloning into E. coli as described above. The resulting plas-
mid from one of these clones was used for restriction and
sequence analysis.
Characterization of IS1096. The approximate positions of
eight insertions into the ,B-galactosidase gene are shown in
Fig. 3. From the distribution of insertions in the 3-galactosi-
dase gene, IS1096 appears to transpose in a random fashion.
IS1096 was also used as a probe in Southern analysis
Yo-
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FIG. 2. Southern analysis of white mutants of mc2687. All lanes
are BamHI digests of total chromosomal DNA from mc2687 and
white-colony mutants of mc2687 probed with pYUB215. From the
top of the blot, in the mc2687 lane, the second and fifth bands are
flanking BamHI fragments to the integrated pYUB215 and the first,
third, and fourth bands correspond to internal fragments from
pYUB215 (first) or the chromosomal asd gene (third and fourth).
This pattern is consistent with that expected for homologous recom-
bination as shown in Fig. 1. The lacZ gene-containing fragment is
the largest band (indicated by an arrow) at approximately 9.5 kb. All
white mutants show a shift in the size of the lacZ band and an extra
smaller band. This smaller band added to the lacZ band results in a
fragment of approximately 11.5 kb which can be explained by
insertion of an approximately 2.2-kb insertion element, which con-
tains a BamHI site, into the lacZ gene.
TABLE 2. Determination of IS1096 transposition frequency
Culture Frequency of occurrence
no. of white coloniesa
1 ............................... 4.04 x 10-5
2 ............................... 1.29x10-4
3 ............................... 8.03x 10-5
4 ............................... 7.61x 10-5
5 ............................... 4.31x10-5
6 ............................... 1.47 x 10-4
7 ............................... 4.26 x10-5
8 ............................... 3.94x 10-5
9 ............................... 4.11x 10-5
10 ............................... 7.92x 10-s
Mean ............................... 7.2 x 10-5
a Frequency of loss of ,-galactosidase activity in cultures from 10 indepen-
dent colonies of mc2687. Frequencies are expressed as the number of white
colonies observed for every one blue colony, which represents the number of
insertions into P-galactosidase for every normal mc2687 cell.
comparing the white clones isolated with the parent strain
mc2687. It was observed that 15 bands were present in both
strains, with the white clones showing an additional band
which varies in size with the varying position of the insertion
into the 3-galactosidase gene (7).
To more accurately determine the frequency of IS1096
transpositions in M. smegmatis, 10 individual colonies of
mc2687 were grown to stationary phase in M-ADC-TW broth
with kanamycin. Approximately 1,000 cells (as determined
by A6.) from each culture were plated on 20 M-ADC-KX
agar plates to screen for white colonies. The average fre-
quency of loss of P-galactosidase activity in these cultures
was 7.2 x 10` per cell (Table 2). This number includes only
those colonies which proved to be truly negative for ,-ga-
lactosidase activity when retested on X-Gal-containing
plates.
IS1096 is unique to M. smegmatis. Southern analysis of
Streptomyces coelicolor, E. coli K-12, Bacillus subtilis, and
12 strains of mycobacteria was performed by using the
internal IS1096 fragment as a probe (Fig. 4). IS1096 is
present only in M. smegmatis. It is important to note that the
pathogenic strains of mycobacteria, M. tuberculosis, M.
bovis, M. avium, and M. leprae, lack the insertion element.
PL1 AlacZ
FIG. 3. Distribution of IS1096 insertions in the lacZ gene. Approximate positions of eight IS1096 transpositions into the pYUB215
,B-galactosidase gene as determined from Southern analysis are shown. BamHI fragments shown in Fig. 2 were plotted against standards to
allow estimation of sizes. Restriction mapping of IS1096 gave the orientation of the BamHI site within the insertion element, allowing accurate
approximation of the positions of the various insertions into the lacZ gene.
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FIG. 4. IS1096, an insertion element unique to M. smegmatis.
An agarose gel and Southern blot of total chromosomal DNA from
various strains of mycobacteria and a single strain of B. subtilis
digested to completion with PstI are shown. The blot was probed
with an internal fragment of IS1096 (see Fig. 6) which should
hybridize to only one arm of the insertion element. DNA concen-
trations appear to be relatively the same, as seen from the agarose
gel. Only the M. smegmatis strains hybridize to the IS1096 probe.
Several different M. smegmatis isolates, including the
three morphotypes of ATCC 607, were studied by Southern
analysis to determine the degree of variation in restriction
pattern when probed with IS1096 (Fig. 5). There is a great
deal of variability in the restriction patterns of the different
isolates of M. smegmatis. Only one of the bands appears in
all of the isolates tested, and the number of insertion
elements found ranges from 8 to 16. Both mc222 and mc223
have an additional copy of IS1096 not present in mc26 which
may be responsible for their observed phenotypic variation.
However, mc2155, a high-efficiency transformation mutant
Of mc26, shows the same pattern as mc26.
Nucleotide sequence of IS1096. Sequence analysis revealed
that the guanine plus cytosine (G+C) content in IS1096 is
67% over its total length of 2,275 bp. This G+C content is
equal to that normally observed in the M. smegmatis chro-
mosome (45). The internal regions of IS1096 have areas of
higher G+C content ranging from 70 to 80% as well as areas
similar to the average G+C content; however, the ends of
the insertion element have a G+C content of less than 60%
which is significantly lower than that normally seen in M.
smegmatis. These characteristics may be related to the
mechanism of transposition of IS1096.
A well-conserved inverted repeat sequence, 25 bp long, is
observed at both ends of IS1096. Two mismatches are
present in the inverted repeats. Transposition into the p-ga-
lactosidase resulted in a duplication of 8 bp of the target
a
FIG. 5. Positions of IS1096 in the genome of different M. smeg-
matis isolates. Lanes 1 to 5 are PstI digests of total chromosomal
DNA isolated from mc26 (lane 1), mc222 (lane 2), mc223 (lane 3),
mc231 (lane 4), and mc232 (lane 5). Lane 6 is radioactively labelled
X DNA cut with a HindIII size standard. The position of IS1096
varies a great deal in the various M. smegmatis isolates, with one or
possibly no conserved bands across all isolates.
DNA sequences on both sides of the insertion point. This
duplication is consistent with the mechanism of transposi-
tion of most insertion elements. Three sets of inverted
repeats approximately 9 bp in length, the positions of which
are shown in Fig. 6, were found in the right end of IS1096.
There is also a fourth set of inverted repeats which is seen in
the very 3' end of the insertion element which corresponds
to a region just upstream of a large open reading frame
(ORF).
Identification of putative functional ORFs. ORF analysis of
the sequence of IS1096 revealed the presence of 13 ORFs
which are longer tnan 100 amino acids (aa). All 13 predicted
peptides were checked for homology to proteins present in
the NBRF and Swissprot protein libraries. Although none of
the putative ORFs observed displayed high levels of homol-
ogy to proteins encoded by other insertion elements, two
were found which may be distantly related to previously
sequenced tnpA and tnpR genes (Fig. 6). A large 414-aa ORF
with a valine initiation codon shows 21.1% identical and 66%
conserved amino acids when compared with 185 aa of the
transposase from Tn3926 (43). A 167-aa ORF, which also
begins with a valine, is in the opposite direction to the
putative tnpA gene designated tnpR in Fig. 6. The 84-aa
amino terminus of tnpR shows 17.9% identical and 69%
conserved amino acids when compared with the amino
FIG. 6. DNA sequence and analysis of IS1096. The 8-bp duplication of the target DNA sequence is shown in bold and underlined text.
The 25-bp inverted repeats of IS1096 are in bold text. The beginning of the putative tnpA and tnpR genes are indicated by labelled short
arrows. Possible initiation codons and ribosomal binding sites are indicated by underlined text. Pairs of arrows in opposite orientation
designate inverted repeats which were found throughout the sequence. There are one set of inverted repeats in the putative promoter region
of tnpA and three sets in the putative coding region of tnpA. The internal probe which was used for Southern analysis in Fig. 4 and 5 is shown
as a solid bar between the BamHI and BstXI sites in the graphic representation of the sequence.
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50
GATCAGCTGCTTTCGCGCTGTGATCra;jMTCTGGTTGGCT
100 150
TGGGGT5i:CCGGAGAAGAAGCGGAAGAGCAYGAiAAGAGCGGAGGTCCGGGGGCAGTGTGGACCTGGCGTTGCTGCAGAAGCT
_ V P E X K R K S KR X S G V S G G S V D L A L L Q K L
tnpR 200 250
AATGGCCGACGCTGGTCGGAACGTGTTCGCGGGAATGTTCGATGAGCCGACGCCCGAGGTGCGGGCGGTGCCGGATCGTGCGCGGG
M A D A G R N V F A G M F D E P T P E V R A V P D R A R
300
GCTTCCGGGTGCGCGTCGACCTGATGTACGCCAAGCCGCCGATCTGGCGTCGGCTGGACCTGCCGGGCGACCTCATGCTCGATGAG
G F R V R V D L M Y A K P P I W R R L D L P G D L M L D E
350 400
CTCCATGTTGTGCTGCAGGTCGTTATGGGCTGGCAGGACAGTCATCTGCATAAGTTCGGTGTCGGGGCGGACCGGCGGACCCGTGC
L H V V L Q V V M G W QDS H L H X F G V G A D R R T R A
450 500
CTACTTCGTCACCGGGTTTGATCTCAGCGAAGGCGACGACGGTGTCGTCGAGGACAGCGTGCGCCTCGATCAGGTGGTGTCCGATA
Y F V T G F D L S E G D D G V V E D S V R L D Q V V S D
550
AGGGCGAGCGGTTGTTCTACGATTACGACTTCGGCGACGGATGGGACCACGTGCTCGTGGTCGAAGACGTTTTCGATGATCCGCCC
K G E R L F Y D Y D F G D G W D H V L V V E D V F D D P P
600 650
CCGGCTGCGGTGTGTCTGACGGGAAAGATGGCCTGTCCGCCGGAGGACTGTGGTGGCCTGGGCGGCTATGAGGAGTTGGCTGCGTG
P A A V C L T G K M A C P P E D C G G L G G Y E E L A A W
700 750
GGTTCGCGGCGGGTACGACCCGCGGGAAACGCCGATGGGACTCGGTGCGCAGGAGATGAGGGACTGGCTGCCCCCGGGGCTGGCAC
V R G G Y D P R E T P M G L G A Q E M R D W L P P G L A
800 850
CCCGACCGTTTCTCGGTGGCCGAGACCAATGACGCTCTGGCCGCGTTGAACACGCGTTGAGGATTCTTCACCGCCGAGGTTGACGG
P R P F L G G R D Q * * R R P Q R
900 BamHI
AGCTGGGTTCGGAAGCCTCCGGTCTCGAGCAGGGACCGGGCGATGTAGTTGGTGAGGTTGCGGAAGCCCAGGGCGGATCCGCGCAG
L Q T R F G G T E L L S R A I Y N T L N R F G L A S G R L
950 1000
GTGTTCGAGGCGGCCGTTGATCGCTTCGGTCGGCCCGTTGGAGGTGCCGGGGCGGTCGAAGTAGGCCAGGACGTCGGCGGCACGCT
H E L R G N I A E T P G N S T G P R D F Y A L V D A A R K
1050 1100
TCTTCAGTGTCCGCCCGAGGGTGATCAGCTCGGTCAGCGACGTGGGGACGCCTGTGCTCAGCGTGGTGATCAGTGCAGCCATCATG
K L T R G L T I L E T L S T P V G T S L T T I L A A M M
1150
GTGCGGCCCTTGGTGCGGTCTGGTTCGCGGTAGGCGGCCACGGTGCGTTGATACATCGCCCAGGTGGCCTCGATCTCGGCGTGCGC
T R G K T R D P E R Y A A V T R Q Y M A W T A E I E A H A
1200 1250
GTTGGCGGCGAACAGTGCGGCCAGTCGGGCTTTCTGGCGGTCGGTGAGCAGGTCGGCCCCGGTGTGCAGGGTGCGTCGCGATCGGT
N A A F L A A L R A K Q R D T L L D A G T H L T R R S R Y
1300 1350
AGAGCGGGTCGGTGCTGCGGCCGCGGTGCCCGCAGGTGGCCAGCTGCACGCGGCGTCGGCACTCGTCGAGGGCGTTGCCGGCCAGG
L P D T S R G R H G C T A L Q V R R R C E D L A N G A L
BstXI 1400 1450
CGGACCACGTGGAAGGGGTCCATCACCGTGGCCGCGTCAGGCAGTTCTTCGGTGGCGGCGGTCTTGAACCCGGAGAACCCGTCCAT
R V V H F P D M V T A A D P L E E T A A T K F G S F G D M
BstXI 1500
GGCAACAACGTCCACACGATCACGCCACTCCTGTGGCCGCTGTGCCAGCCAGTCGGCGAACGCCTTCTTi&AGCGGCCCTCCACCA
A V V D V R D R W E Q P R Q A L W D A F A K K S R G E V M
1550 1600
TGTCGAGCAGCCGTGCGGGGCCGG3£CCGTCACGCACGGGCGTGAGATCGATGATGACGGTGACGTACTTGTCGCCGCGGCGAGTG
D L L R A P G T G D R V P T L D I I V T V Y K D G R R T
1650 1700
TGCCGCCACAC.GCTCATCGACGCCGATCACCGCGACGCCATCGAACCGGGCCGGATCGGCGATGAGC3JCCGCTGACCTTCGGC
H R W V H E D V G I V A V G D F R A P D A I L V R Q G E A
1750 1800
GAGCACGGCGTTGTTGGCAGTGTTCCACGACACCGCAAGCGCCTCGGCGACCCGGGCCACCGACAGGTGTTGGCAGACAAGGGCT
L V A N N A T N W S V A L A E A V R A V S L H Q C V L An
1850
CCAGCGCCCACCGCAGAGCACGCCGGGACAGCCTGGCCCGCGGTTCGGCTGCGGCGCTGGiTCCTGGCGCCACACATGAGCGCAG
L A W R L A R R S L R A R P E A A A S A D Q R W V H A C
1900 1950
CCGGCGCAACGGTAACGGCGGATCGTGACCAGCAAAGCCGTGGGTCGCCACCCGAACGGTTCATGAGCCAACGTGCGAGTCACGCT
G A C R Y R R I T V L L A T P R W G F P E H A L T R T V S
2000 2050
GTCACGTACAACGCCTTCTTCGCCGCAGCGGCGGCACCACCGATCCTCATCGGCGACCCGGCACGCCAGCACGGCCCGATCAGGGT
D R V V G E E G C R R C W R D E D A V R C A L V A R D P D
2100
CGAGGCGTTGGCCGGTCJWCTCCAACCCGAQTTCGAGGCGGCAGAAAGTCGTCAGGTCAGCGCAGGCGAAGCCCGCACCGACC
L R Q G T V -
2150 tnpA 2200
GGTAGCGTCAGGCACGTrjGAGGTCTTTCAGATGGATGGCGTAGGAACCTCCATCATCGGAAGACCTCGACCCCTATCCCGGCACCG
2250
ACGCGCCGACGACCTG _
BamHI BstXI
* X _~~~~~Bsx
tnpR _ _ 7tnpA
probe
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terminus of the TnlOOO resolvase (31). The 72-aa carboxy
terminus shows 16.7% identical and 67% conserved amino
acids when compared with the Tn552 resolvase (32). These
levels of homology are on the borderline of what would be
considered significant homology (29); however, the proteins
encoded by these ORFs are of a similar size and significantly
more similar than the other ORFs found on IS1096 to
standard transposase and resolvase proteins. This may indi-
cate that these ORFs do encode proteins which are involved
in the transposition of IS.1096 but are distantly related to the
well-characterized proteins known to be involved in trans-
position of other transposable elements. It may be possible
that the mechanism of transposition of IS.1096 is significantly
different from that of previously studied insertion elements.
DISCUSSION
We have isolated an insertion element, IS1096, from M.
smegmatis that is of potential use for insertional mutagenesis
of mycobacteria. IS.1096 was discovered as the result of
attempts to isolate mycobacterial mutants in asd. A myco-
bacterial asd mutant may be a useful strain for the mainte-
nance of recombinant plasmids in vivo, as shown in salmo-
nella (27). The plasmid pYUB215 has the advantage of
containing the ,-galactosidase gene as a marker for the
plasmid sequences, which allows screening for allelic ex-
change during intrachromosomal recombination by the ob-
servation of white colonies on X-Gal. In other bacteria,
intrachromosomal recombination between large regions of
homology occurs at frequencies which range from 1 in 100 to
1 in 1,000 (11, 26, 34). It is possible that the frequency of
intrachromosomal recombination in M. smegmatis is much
lower than that normally seen and will not be observed
above the background loss of 3-galactosidase activity be-
cause of insertion of IS1096. However, no allelic exchange
was observed when pYUB215 was originally introduced into
M. smegmatis, an event that should be independent of
intrachromosomal recombination frequencies. Although
there have been attempts at isolating mutants involved in
DAP biosynthesis in other gram-positive bacteria (46), they
have not been successful. This may point toward differences
in the requirements for DAP or the ability to transport DAP
across the cell wall of gram-positive bacteria (46) as opposed
to E. coli and Salmonella spp. (asd mutants are readily
obtained for E. coli and Salmonella spp. [27]). Therefore, we
favor the interpretation that the asd gene is essential in
mycobacteria. This would make it impossible to select for
intrachromosomal recombination producing the chromo-
somal asd mutant in the absence of a complementing asd
gene. We are currently testing this hypothesis by construct-
ing the chromosomal asd mutant in a merodiploid strain.
Since the ,-galactosidase gene is stably maintained in the
chromosome, it allows observation of low-frequency events
such as chromosomal rearrangements or mutagenesis due to
insertion elements similar to IS1096. Thus, the utilization of
this marker system may have a general application as a
genetic trap for insertion elements. It remains to be seen
whether this system will allow isolation of insertion elements
in other species of mycobacteria. A small percentage (-1 to
10%) of the white mutants isolated from mc2687 could not be
explained by the insertion of IS1096 (7). It is possible that
there is another smaller insertion element in M. smegmatis
which could explain these mutants. The use of the asd genes
from other mycobacteria in this type of system could allow
isolation of insertion elements from any mycobacteria for
which there is an efficient transformation system. Useful
insertion elements for the development of mutagenesis sys-
tems for mycobacteria should be of a relatively small size,
have a high frequency of transposition, not be present in the
bacterial strains where they will be used for mutagenesis,
and exhibit no site or regional specificity.
The only insertion element other than IS1096 which has
been shown to transpose in mycobacteria is IS6100 from M.
fortuitum. 1S6100 has three limitations which may make it a
secondary choice for mutagenesis of mycobacteria: the
transposase present in this element has significant homology
to the transposase of Tn1696 (22) which does not transpose
in a random fashion (23); the frequency of transposition was
fairly low (10-6 to 10-`) and transposition occurs only by
formation of a cointegrate structure which is not resolved
after transposition (22); and the insertion element is fairly
large, approximately 4 kb, an inconvenient size for the
design of transposon delivery systems. Of the insertion
elements isolated thus far in mycobacteria, IS1096 shows the
greatest promise for the development of a transposon deliv-
ery system since it appears to have most of the desired
characteristics.
IS1096 transposes in a random fashion which rivals that of
the most random elements seen in gram negatives (4). The
frequency of transposition of IS1096 is high (10-`). The size
of IS1096, 2.2 kb, is very manageable. Its small size should
enable development of transposon delivery systems where
the size of the fragment which can be delivered is limited.
There are, however, a few concerns which could affect the
usefulness of this element in mycobacterial mutagenesis
systems. Since all of the transposition events observed thus
far have been into the ,-galactosidase gene, it is possible that
IS1096 has some preference for this gene over others (pos-
sibly because of the lower G+C content of the P-galactosi-
dase gene compared to that of the mycobacterial chromo-
some in general), and, thus, it may have some regional
preference. However, if this were the case, one would
expect to observe regional specificity within ,B-galactosidase
itself. A second concern is that IS1096 has not yet been
tested in the pathogenic mycobacteria where its random
transposition mechanism would be most useful for studies of
virulence. There is, however, no reason to believe that, if an
insertion element functions in one species of mycobacteria,
it will not function in the other mycobacteria. Furthermore,
the fact that it is absent from pathogenic mycobacteria will
facilitate analysis of mutants which are isolated in these
strains. At present, studies are ongoing to determine
whether IS1096 will transpose in other species of mycobac-
teria and develop an efficient transposon delivery system to
facilitate efficient mutagenesis of mycobacteria. It is ex-
pected that IS1096 will be a valuable tool in the study of
mycobacterial molecular genetics.
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ADDENDUM IN PROOF
By using a plasmid-based transposon trap, a different
insertion element, IS6120, has been identified in the same M.
smegmatis strain, mc2155 (C. Guilhot, B. Gicquel, J. Davies,
and C. Martin, Mol. Microbiol, in press). IS1620 clearly
differs from IS1096, as it is 1,486 bp in length and appears to
be present in three copies in the M. smegmatis chromosome.
Work is under way to explain why the different traps
preferentially yielded different insertion elements.
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